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CHAPTER 1

INTRODUCTION

1.1

Nature and Scope of the Problem

There exists a relatively unexplored region of propellants that lie between the
limits of a conventional solid propellant and a classical hybrid system [1] called mixed
hybrids. A mixed hybrid adds some solid oxidizer to the normally inert fuel grain of a
hybrid fuel. Propellants in this regime may offer increased burning rates compared to
the low burning rates of classical hybrid rocket fuels while still addressing the issues of
safety and controllability that are difficult for conventional solid propellants. The key
to assessing a new propellant formulation is in understanding the way that chamber
conditions influence the burning rate.
The most common configuration of a hybrid rocket system is termed the classical hybrid configuration, where the fuel is in the solid phase and the oxidizer is in
the liquid or gaseous phase. The grain is the solid body of the hardened propellant.
In a classical hybrid configuration, the term grain refers to the fuel only. The term
mixed hybrid configuration signifies a low level of solid oxidizer mixed with fuel in
the grain and this fuel rich mixture is then burned with additional oxidizer in the
liquid or gaseous phase. A conventional solid configuration consists of both fuel and
1

oxidizer mixed together in the solid phase. The rate of regression of the grain, usually
expressed in cm/sec, mm/sec, or in./sec, is the burning rate [2].
The burning surface of a solid propellant grain recedes in a direction essentially
perpendicular to the surface. Figure 1.1 shows the change of a grain’s geometry by
drawing successive burning surfaces with a constant time interval between adjacent
surface contours.

Figure 1.1: Diagram of successive burning surface contours, each a fixed small time
apart [2].

For conventional solid propellant, burning rate is a function of the propellant
composition. Aside from the propellant formulation and propellant manufacturing
process, burning rate in a full-scale motor can be increased by increasing operational
parameters such as combustion chamber pressure and by increasing the initial temper-
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ature of the solid propellant prior to start [2]. Conventional solid propellant burning
rate with its relation to chamber pressure is classically estimated with St. Roberts
Law
r = a0 exp[σP (T − T0 )]P n

(1.1)

where r is the burning rate and P is the chamber pressure. The temperature parameter a0 , is an empirical constant. σP is the propellant temperature sensitivity which
is discussed in Section 2.1.2.2. T is the actual initial grain temperature and T0 is
the reference initial grain temperature. The burning rate exponent n is independent
of the initial grain temperature and describes the influence of chamber pressure on
the burning rate. The change in initial temperature does not change the chemical
energy released in combustion; it merely changes the rate of reaction at which energy
is released [2]. The temperature coefficient, a, is defined as

a = a0 exp[σP (T − T0 )].

(1.2)

Classical hybrid configurations have been examined to address the issues of
safety and controllability that are difficult for other rocket propulsion concepts. Figure 1.2 shows a classical hybrid rocket. Classical hybrid systems offer stop-startrestart capabilities, safety from explosion or detonation and relative simplicity [3].

3

Figure 1.2: Classical hybrid configuration [4].

However, classical hybrid systems do have disadvantages. The low burning
rates of classical hybrid rocket fuels necessitate large internal grain chambers resulting
in poor volumetric loading [1]. Additionally, the internal motor ballistics are relatively
complicated resulting in incomplete descriptions of burning rates [3]. In a classical
hybrid configuration, the combustion process and hence the burning of the fuel surface
is markedly different than that of a solid rocket motor. Because the fuel grain must be
vaporized before combustion can occur, the burning of the fuel surface is intrinsically
related to the coupling of combustion port aerodynamics and heat transfer to the
fuel grain surface. It has been shown that combustion is mainly limited to a region
within the fuel grain boundary layer [5]. Many factors affect the development of this
boundary layer and, hence, burning rate, but the oxidizer mass flux, i.e., the ratio of
oxidizer mass flow rate to the cross-sectional area of the combustion port or ports,
has the most influence on the burning rate [6].
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An equation characterizing the burning rate for a classical hybrid configuration
is expressed as
r = bGq

(1.3)

where b is the hybrid burning rate coefficient, G is the oxidizer mass flux, and q is the
oxidizer mass flux exponent. The oxidizer mass flux can be expressed mathematically
as

G=

ṁox
A

(1.4)

where ṁox is the oxidizer mass flow rate and A is the cross-sectional area of the
combustion port or ports.
The mixed hybrid configuration results from attempts to enhance the burning
rate and thus increase the volumetric loading [3]. Low levels of oxidizer could result in a decrease in hazards when compared with conventional solid propellants [1].
Figure 1.3 shows a mixed hybrid rocket.

Figure 1.3: Mixed hybrid configuration [4].
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A working hypothesis for this experimental study is that the burning rates
of mixed hybrid grains are affected by oxidizer mass flux, chamber pressure, and
initial grain temperature. The burning rate of a conventional solid propellant depends
mainly on initial grain temperature and chamber pressure while the burning rate of
a classical hybrid is influenced most by oxidizer mass flux. A linear combination of
these effects is proposed as

r = aPn + bGq

(1.5)

A mixed hybrid grain may be self-deflagrating, i.e., burn with only the low
level of solid oxidizer mixed with fuel in the grain. If this is the case, it is necessary
to understand the self-deflagration burning rate behavior as a function of chamber
pressure. This burning rate will indicate how much mass flow is contributed by the
grain surfaces that are not exposed to liquid oxidizer, and knowledge of the selfdeflagration burning rate behavior will indicate the minimum chamber pressure that
is necessary for self-deflagration to occur. In a classical hybrid configuration, fuel
burning rate is thought to be insensitive to fuel grain initial temperatures over the
range in which solid rocket motors may operate (-65 to 165◦ F) [3]. However since
heterogeneous fuel/oxidizer reactions at the grain surface (in which burning rates
are temperature dependent) are present in a mixed hybrid configuration, its burning
rate may be sensitive to grain initial temperatures. The stop-start-restart behavior
for a mixed hybrid configuration may be different than that of a classical hybrid
configuration. There may be a minimum pressure requirement for a mixed hybrid
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motor to operate. Additionally, a large negative dP/dt, e.g., the cutoff of liquid or
gaseous oxidizer flow, may not extinguish a mixed hybrid motor. A parallel study
suggests that extinguishment capability depends on motor parameters such as nozzle
throat area and oxidizer mass flux [7].

1.2

Objectives and Scope of Work

This experimental study investigated the effects of pressure and initial temperature on the self-deflagration burning rate of a sample of a mixed hybrid propellant.
Laboratory burning rate experiments were performed on one formulation of a fuelrich gas generator mixed hybrid propellant over a pressure range of 200 to 2000 psi
and over a range of initial temperatures from 40 to 175◦ F. Because of the unusual
physical properties of the particular propellants investigated, a new method of signal
processing and analysis was developed as a major part of this investigation.

1.3

Method of Investigation

The ultrasonic-pulse echo technique is a non-intrusive method for obtaining
the burning rate of a conventional solid propellant, or in this case, a fuel rich mixed
hybrid grain that self-deflagrates without adding additional oxidizer, and was the
focus of this work. The investigation of oxidizer flux on burning rate was performed
in a parallel study [7].
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CHAPTER 2

REVIEW OF LITERATURE

This chapter will discuss solid rocket propellants, the propellant composition
characteristics that influence the burning rate, and the effect of chamber conditions
on the burning rate. Additionally, a review of laboratory-scale methods to find the
burning rate of solid propellant is presented here.

2.1

Composite Propellants

Composite propellants are a class of solid propellant and they form a heterogeneous propellant grain with the oxidizer and fuel held together in a matrix of
synthetic rubber (or plastic) binder. Composite propellants are cast from a mix of
solid and liquid ingredients. The propellant is hardened by crosslinking or curing the
liquid binder with a small amount of curing agent, and curing it in an oven, where it
becomes hard and solid [2].

2.1.1

Propellant Composition Effects on Burning Rate
Burning rate is a function of the propellant composition. For composite pro-

pellants, burning rate can be increased in the following ways [2]:
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1. Adding a burning rate catalyst or increasing percentage of existing catalyst.
2. Decreasing the solid oxidizer particle size.
3. Increasing the solid oxidizer concentration.

Each of these influencing factors will be discussed in this section.

2.1.1.1

Burning Rate Catalyst

An increased burning rate can be achieved by adding a catalyst containing
metallic atoms. This action results less from chemical reactions than from modifications of the thermal properties of the burning surface [8]. Burning rate catalysts
accelerate the combustion reaction at or near the burning surface, increase the heat
input into the surface, and change the amount of propellant that is burned [2].

2.1.1.2

Solid Oxidizer Particle Size

At very low pressure, the burning rate is low, the heated thickness of propellant
is large compared to the size of the oxidizer particles, and the influence of the oxidizer
particle size is weak. At medium pressure (1-15 MPa), the burning rate is closely tied
to the oxidizer particle size: the finer the oxidizer particle, the greater the burning
rate. At very high pressure (>15 MPa), a new regime appears where the influence of
the oxidizer particle size is weak [8].
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2.1.1.3

Oxidizer Concentration

Increasing the solid oxidizer concentration generally increases the flame temperature and the heat transferred to the propellant surface. For composite propellants
using a hydroxyl-terminated polybutadiene (HTPB) binder and various crystalline oxidizers such as ammonium perchlorate (AP), ammonium nitrate (AN), potassium perchlorate (KP), potassium nitrate (KN), cyclotetramethylenetetranitramine (HMX),
and cyclotrimethylenetrinitramine (RDX), Figure 2.1 shows the calculated variation
in flame temperature, average product gas molecular mass, and specific impulse as a
function of oxidizer concentration. The maximum values of specific impulse and flame
temperature occur at approximately the same concentration of oxidizer. In practice,
the optimum percentage for AP (about 90 to 93 percent) cannot be achieved since a
castable slurry that will flow into a mold requires 10 to 15 percent liquid content [2].
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Figure 2.1: Variation of performance parameters with oxidizer concentration [9].

2.1.2

Effect of Chamber Conditions on the Burning Rate
Aside from the propellant formulation and propellant manufacturing process,

the burning rate can vary due to changes in chamber pressure, initial grain temperature, and velocity of gas flow parallel to the burning surface [2].
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2.1.2.1

Effect of Pressure

The solid propellant burning rate is controlled by chamber pressure and follows
the well-established law of Equation 1.1; it is Equation 2.1 in this chapter.

r = aPn

(2.1)

As mentioned before, the burning rate exponent n is independent of the initial
grain temperature and describes the influence of chamber pressure on the burning
rate. For stable operation, n has values greater than 0 and less than 1.0. High values
of n give a rapid change of burning rate with pressure. This implies that even a small
change in chamber pressure produces substantial changes in the amount of hot gas
produced. Most production propellants have a burning rate exponent ranging between
0.2 and 0.6. In practice, as n approaches 1, burning rate and chamber pressure become
very sensitive to one another and disastrous rises in chamber pressure can occur in
a few milliseconds. When the value of the burning rate exponent is close to zero,
burning can become unstable and may even extinguish itself [2]. An increase in
pressure is considered to increase burning rate by increasing the gas-phase transport
of fuel and oxidizer species [10] [11].

2.1.2.2

Effect of Temperature

Temperature affects chemical reaction rates and the initial temperature of a
propellant grain prior to combustion influences burning rate, as shown in Figure 2.2.
Motors using typical composite propellant experience a 20 to 35 percent variation in
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chamber pressure and a 20 to 30 percent variation in operating time over an initial
grain temperature range of -65 to 160◦ F [2].

Figure 2.2: Effect of propellant initial temperature on burning time and chamber
pressure for a particular motor [2].

As mentioned before, a change in initial grain temperature does not change
the chemical energy released in combustion; it merely changes the rate of reaction at
which energy is released [2]. When examining the burning rates of solid propellants,
it is necessary to determine the propellant temperature sensitivity, σP , calculated as

σP =

∂ ln r
∂T

≈
P

ln rT 2 − ln rT 1
T2 − T1

.

(2.2)

P

Propellant temperature sensitivity is the change in burning rate per degree change in
propellant temperature at a particular value of chamber pressure.
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2.1.2.3

Erosive Burning

The flow of combustion product gases at high velocity across a burning solid
propellant surface is often found to lead to a significant increase in burning rate over
that obtained at the same pressure in the absence of cross flow. This phenomenon is
referred to as erosive burning and the increase in burning rate is known as the erosive
burning rate [12]. Erosive burning is basically an accelerated combustion phenomenon
stimulated by increased heat transfer to the burning surface and erosion by local high
velocities [2].

2.2

Laboratory-Scale Methods of Determining Burning Rate

Analytical models of the burning rate and the combustion process exist and
are useful for preliminary designs and for extending actual test data. For detail
designs and for evaluation of new or modified propellants, engineers need some actual
test data [2]. Two categories of devices are used to evaluate the burning rate of a
propellant formulation: subscale test motors and combustion bombs. Test motors
provide reliable and accurate burning rate information [13], however, test motors are
costly to operate and provide limited access for direct measurements of the propellant
burning rate. Combustion bombs, on the other hand, provide a pressure controlled
environment where a variety of surface detection schemes can be applied. The burning
rate measured in a combustion bomb is usually lower than that obtained from a motor
firing by 4 to 12 percent because it does not truly simulate the environment inside
a burning motor. The relationship between the combustion bomb burning rate, the
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subscale test motor burning rate, and the full scale motor burning rate is determined
empirically for each propellant category and grain configuration [2].
Combustion bomb tests allow investigations of combustion phenomena that
cannot be measured using subscale test motors. Further, for research purposes where
many ambient conditions and formulation changes are desired, the combustion bomb
allows many tests to be run with minimal cost [14]. This section presents several
detection techniques which have been used to derive the burning rate of a propellant
sample in a combustion bomb.

2.2.1

Timing Wires
Fine wires are fed through small holes drilled in the propellant sample [15] [16].

The holes are spaced at known intervals and connected to electronic circuits and the
sample is burned in a combustion bomb. When the burning surface reaches the wire,
the wire is quickly melted and the resulting continuity loss in the circuit triggers a
timer. Several wires may be inserted along a single sample. The pressure-time trace
of the sample burning in the combustion bomb is also recorded. Placing the wires is
time consuming, and the wire increases the burning rate momentarily by enhancing
the heat transferred to the propellant surface. Inaccuracies are also inherent in the
positioning of the wire.

2.2.2

High-Speed Motion Photography
High-speed motion photography is another way to measure the burning rate of

a solid propellant [17]. A propellant sample is burned in a windowed combustion bomb
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and a high-speed camera takes pictures of the propellant at specified, known time
increments. Pictures recorded by the camera are given a time stamp and pressure data
is recorded to create a pressure-time trace. Using a motion analyzer, the propellant
surface position at each time step can be found. Using the position data and the
pressure-time trace, the burning rate with its relation to chamber pressure can be
found.

2.2.3

Laser Bombs
A laser bomb uses a scanning laser and a double-windowed combustion bomb

to find the instantaneous thickness of a solid propellant sample [18]. The scanning
laser, located on one windowed side of the combustion bomb, emits a laser that is
detected by a receiver through the other windowed side of the bomb [14]. As the
laser scans, its beam is blocked by the unburned propellant. As the propellant burns,
the receiver detects the laser at incrementally lower points above the burning surface.
From these detections, an instantaneous thickness can be calculated. This thickness,
along with pressure data from pressure transducers, is used to determine the burning
rate with its relation to chamber pressure. Inaccuracies are introduced by the laser
beam being bent as it passes through the changing refractive index of the gases above
the propellant.

2.2.4

Microwave Reflection
The fundamental principle of this method is based on the propagation of elec-

tromagnetic waves in absorbing materials [19]. A microwave source creates the elec-
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tromagnetic wave which is injected through the propellant sample on which the measurement is made and then reflects on the burning surface due to the high difference
of the electric impedance between the propellant and the combustion gases. As the
burning surface advances it produces a variation in the phase of the reflected wave
and this information is used to determine the burning rate of the propellant. This
method has many of the same advantages and disadvantages of the ultrasonic method
discussed in the next section since they take advantage of the same physical principles. However, microwaves need to be projected directly onto the burning surface.
This can cause unreliable measurements due to waves reflected off the combustion
gases.

2.2.5

X Ray
X ray radiation is attenuated in proportion to the thickness and chemical

properties of the material through which it passes [19] [20]. This physical phenomenon
allows two approaches for determining the burning surface location. In the first
approach, the gross change in transmitted radiation is related to the web thickness
of the propellant. In this case the direction of the beam is perpendicular to the
burning surface. As the propellant burns, less radiation is attenuated. A calibration
curve can be determined with propellant samples having a known thickness. In the
second approach, the radiation is directed parallel to the burning surface. The profile
of transmitted radiation has a sharp gradient at the position corresponding to the
propellant/gas interface. This technique is analogous to medical imaging to determine
the shape or condition of bones. With this approach, a two-dimensional image of the
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propellant sample can be obtained during the firing. Precisely locating the propellant
surface is done though interpretation of density gradients, or “edges” from the film
or digital image.

2.2.6

Ultrasonic Pulse-Echo Technique
The ultrasonic pulse-echo technique relies on transmitting acoustic waves through

solid propellant [19]. The propagation time from the ultrasonic transducer to the propellant surface and back is combined with the wave propagation speed to determine
the web thickness at discrete time intervals. The time derivative of the distance measurements yields the burning rate. Propellant temperature sensitivity measurements
are also possible. New propellant compositions are characterized with this method in
France and the United States. This method only requires a small amount of propellant, and the burning rate with its relation to chamber pressure for a large pressure
range can be obtained with only one test. The small overall dimensions of the test
equipment are also very convenient. Figure 2.3 shows the arrangement of the essential
components with a wave measured by the transducer.
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Figure 2.3: Ultrasonic transducer, propellant sample, and an example wave

The ultrasonic transducer is connected to a burning propellant sample with
an intermediate coupling material [19]. The coupling material isolates the transducer
from the combustion environment and also inhibits burning on all surfaces except for
one, so that burning occurs in only one direction. The echo time for the propellant
burning surface is the zero crossing that lies between the largest amplitude peaks
of the final wave. Thus, as the propellant burns, the return time of the burning
surface echo occurs at shorter and shorter intervals relative to the transducer signal.
Transmitting periodic ultrasonic pulses during the burn can therefore monitor changes
in the propellant web thickness.
If the speed of sound in the propellant and in the coupling material were
constant, the propellant thickness and the coupling material thickness would be proportional to the propagation time [19]. However, the propellant and coupling material
are viscoelastic materials, i.e., a change in applied pressure results in a change in the
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speed of sound. To correct for this viscoelastic effect, regression constants are found
for the coupling material and solid propellant sample that relate how the propagation
time of each changes with respect to pressure. These regression constants are found
by performing and analyzing pre and post test calibrations [21].
To perform a pre test calibration, the unburned sample in the combustion
bomb is pressurized with nitrogen gas to 1600 psi while transmitting and recording
ultrasonic pulses. Analyzing the pre test waveforms yields the propagation time trace
through the propellant and coupling material. To perform a post test calibration,
the burned sample, i.e., the coupling material only, is pressurized in the combustion bomb with nitrogen gas to 1600 psi while transmitting and recording ultrasonic
pulses. Analyzing the post test waveforms and the corresponding pressure-time trace
will yield the slope and y-intercept for the linear relationship between pressure and
propagation time through the coupling material. Once the slope and y-intercept for
the coupling material have been found, the propagation time through the coupling
material is subtracted from the propagation time found from the analysis of the pre
test. This step is represented by Equation 2.3

τp = τpre − (ac Ppre + bc )

(2.3)

where τp is the propagation time through the propellant only, τpre is the propagation
time through the propellant and coupling material, Ppre is the pressure recorded by
the pressure transducers during the pretest, ac is the regression slope of the coupling material, and bc is the regression y-intercept of the coupling material. Linear
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regression of the propagation time through the propellant only and the corresponding pressure-time trace will yield the slope and y-intercept for the linear relationship
between pressure and propagation time through the propellant.
Once the propellant sample initial thickness, the propagation time trace, pressuretime trace, and propellant and coupling material regression constants are known, the
instantaneous thickness can be found by application of Equation 2.4

Ep (τ ) =

Ep0
[τ − (ac P + bc )]
ap P + b p

(2.4)

where Ep is the sample instantaneous thickness, Ep0 is the sample initial thickness,
τ is the propagation time, ap is the regression slope for the propellant, P is the
pressure recorded by the pressure transducers during the test, bp is the regression
y-intercept for the propellant, ac is the regression slope of the coupling material, and
bc is the regression y-intercept of the coupling material [21]. The time derivative of
the instantaneous thickness curve gives the instantaneous burning rate. This and the
pressure-time trace yield the burning rate with its relation to pressure.

2.2.6.1

Ultrasonic Pulse-Echo Technique at the University of Alabama in
Huntsville

The pulse-echo technique has been used at the University of Alabama in
Huntsville (UAH) since the 1990’s. Several projects have been undertaken at UAH
to find different ballistic properties of solid propellants. The experimental solid propellant program at UAH has been summarized [22] and also included in ultrasonic
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technique [23] and burning rate measurement method [24] review papers. The effect
of sample surface roughness and the existence of a melt layer on the ultrasonic signal
have been investigated [25]. A study of the speed of sound as a function of pressure for
different propellant ingredients has been performed [26]. Burning rate with its relation to pressure and temperature was found using an analog method [27] [28] [29]. The
pressure-coupled response function research used an open bomb with a pneumatically
actuated valve to produce pressure fluctuations [30] [31] [32]. Transient burning rates
due to injected inert gases have been studied at UAH using ultrasonics [33] [34] [35].
Assessments of the uncertainty associated with the analog and digital burning rate
analysis techniques have been performed [36] [37] [38]. Table 2.1 is a summary table
of the ultrasonic pulse-echo work at UAH.

Table 2.1: Ultrasonic work at UAH.
Type of Study
Review Papers

Citation(s)
[22] [23] [24]

Initial Assessments

[25]

Ingredient Characterization

[26]

Burning Rates and
Temperature Sensitivity

[27] [28] [29]

Pressure-Coupled
Response Function

[30] [31] [32]

Transient Burning Rates

[33] [34] [35]

Uncertainty Analysis

[36] [37] [38]
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2.3

Assessment of Burning Rate Measurement Techniques

Table 2.2 presents a summary of the different methods employed for determining the burning rates of solid propellant samples in a combustion bomb [14] [39].
The work presented here will utilize the ultrasonic pulse-echo technique. The
pulse-echo technique has been employed at the University of Alabama in Huntsville
since the mid 1990’s [19]. This technique was chosen because of the knowledge and
experience gained by UAH personnel over the years, along with this technique’s ability
to find burning rate and temperature sensitivity over a large pressure range with only
a small number of tests [29].
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24
Good

Very good

Fair

Microwave
Reflection

Ultrasonic
Pulse-Echo

X Ray

Very good

High-Speed
Motion
Photography

Good

Fair

Timing Wires

Laser Bomb

Accuracy

Technique

Visual data

Local measurement

Direct measurement

Non-intrusive

Time resolution,
qualitative view
of combustion

Low complexity

Advantages

Low

High

Coupling material

Metallic case needs
special set-up
and analysis

High

High

Beams are bent
by hot gases,
smoke attenuates beam
Microwaves reflected
off combustion gases

Low

Very low

Cost

Flame glare,
data analysis not
available in real time

Limitations
Inaccurate wire
placement, enhanced
heat transfer

[19]

[14] [18]

[17]

[15] [16]

Citation(s)

[19] [20]

[21] [22] [23] [24] [25] [26]
[27] [28] [29] [30] [31] [32]
[33] [34] [35] [36] [37] [38]

Table 2.2: Combustion bomb measurement technique summary.

CHAPTER 3

APPROACH

3.1

Propellant and Test Conditions

The solid propellant used in this work was named Exquadrazine 6514 and was
manufactured and supplied by Exquadrum, Inc. This propellant formulation was
fuel rich and felt spongy to the touch. With these characteristics, this particular
propellant had physical properties that were very different from the conventional
solid propellants previously investigated with the UAH ultrasonic system. The initial
objective of this study was to determine the burning rate equation for this propellant
over an operational range of pressures and initial temperatures.
The experimental plan can be found in Table 3.1. The different conditions
covered by the experimental plan permitted solutions to be found for the unknowns
in the burning rate equation. As mentioned in Section 1.1, solid rocket motors generally operate with a range of initial temperatures between -65 to 165◦ F. The customer/propellant manufacturer requested burning rate tests at initial temperatures
no higher than 200◦ F and no lower than 32◦ F. Taking these values into consideration,
a low initial temperature of 40◦ F and a high initial temperature of 175◦ F were chosen.
Pressurizing the combustion bomb with nitrogen gas before ignition is often necessary
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for solid propellant combustion bomb tests since some solid propellants will not burn
at atmospheric pressure. The pressurization system, discussed in Section 3.2.2, was
also used to cover the desired pressure range.

Table 3.1: Experimental plan.
Test
Pressure
Temperature
Number
Range
◦
F
psi
3-1
70
300-2000
3-2
70
300-2000
3-3
70
300-2000
3-4
175
300-2000
3-5
175
300-2000
3-6
175
300-2000
3-7
40
300-2000
3-8
40
300-2000
3-9
40
300-2000

Because the propellant had new properties, some experimentation was planned
in order to find the best sample shape and thickness for obtaining good ultrasonic
echoes from the propellant burning surface. In general, a sample needs to be thick
enough so that steady burning data is recorded. The burning data at the boundaries,
i.e., just after ignition and right before burnout, are discarded. If a sample is too thick
however, the closed bomb can overpressurize. This particular propellant also attenuated the ultrasonic pulse if the sample was too thick. Based on a few experiments,
the best thickness was approximately 0.4-in.
The customer/propellant manufacturer supplied the bulk propellant in a square
piece and also in a 1-in. diameter rod shape. The sample preparation process involved
cutting a sample from the bulk piece of propellant and then casting the sample in
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an epoxy resin coupling material. Samples cut from the square bulk piece were cube
shaped and samples cut from the rod bulk piece were disk shaped. When testing the
cube samples, a portion of the ultrasonic pulse would miss the propellant completely
and echo off of the coupling material surface, resulting in an additional peak in the
recorded waveform and this is illustrated in Figure 3.1.

Figure 3.1: Cube shaped sample and example wave with additional peak.

The blue dashed line in Figure 3.1 represents the portion of the ultrasonic
pulse that traveled through the coupling material, echoed off of the coupling material
surface, and back to the transducer without ever traveling through the propellant
sample. The additional peak is denoted by the number 5 in the figure. When testing the disk shaped samples, this additional peak was not present in the recorded
waveforms. Based on these observations, the best sample shape was a disk measuring
approximately 1-in. in diameter.
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Figure 3.2: Disk shaped prepared propellant sample.

Figure 3.2 is a disk shaped sample that was cast in epoxy coupling material
and attached to a stainless steel sample holder. The sample holder retains the sample
inside the assembled combustion bomb.

3.2

Experimental Setup

This test utilized the High Pressure Combustion Laboratory’s (HPL) closed
combustion bomb. The combustion bomb operated inside an environmental chamber.
A photo of the combustion bomb inside the environmental chamber can be seen in
Figure 3.3.
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Figure 3.3: Combustion bomb inside environmental chamber [21].

The environmental chamber, which had temperature conditioning capabilities,
was located in test cell 2 of the HPL. This test cell was a 10 ft. x 6 ft. room constructed
of 1 ft. thick steel reinforced concrete. The test cell door was 3-in. thick steel and
was mounted on rollers. The test cell also housed the scrubber/ventilation system,
which is discussed in Section 3.2.2.
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3.2.1

Combustion Bomb
The combustion bomb contained the propellant gases and had the ultrasonic

measurement system attached. The combustion bomb was assembled from sections
of stainless steel which withstood internal pressures up to 5000 psi. A cross-section
drawing of the bomb can be seen in Figure 3.4.

Figure 3.4: Combustion bomb drawing [21].

The combustion bomb had a port for a burst disk, which can be seen at the top
of Figure 3.3. The burst disk acted as a safety mechanism that would not allow the
bomb to overpressurize. Additionally, the bomb had two pressure transducer ports.
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One pressure transducer was mounted directly to the bomb inside the environmental
chamber so that the response time of this pressure transducer was low. Temperature
conditioning affected the signal from this pressure transducer, and calibration at the
test temperature was not possible. Therefore an identical second pressure transducer
was located outside of the environmental chamber and was connected to the bomb’s
second pressure transducer port via stainless steel tubing. This second pressure transducer was calibrated at room temperature and was used as a reference for the first
pressure transducer. A forth port was used to pressurize the bomb with nitrogen
whenever this was necessary. This forth port was also used to vent the bomb. The
bomb vented to the scrubber/ventilation system that is discussed in Section 3.2.2. Ignition was achieved with a common pyrogen hobby rocket igniter. The center section
of the bomb, which is labeled in Figure 3.4, could be removed to reduce the internal
volume to create a larger pressure rise in the chamber during the test.

3.2.2

Pressurization/Exhaust/Scrubber System
In order to perform pre and post tests or to prepressurize the bomb, the

HPL had a nitrogen pressurization system that was controlled by a series of manual
ball valves and pneumatically actuated valves. The nitrogen pressurization system
is shown in Appendix E. The exhaust gases from the Exquadrum propellant were
especially sooty and therefore the test procedure utilized the HPL’s scrubber system
when venting the bomb. This section briefly discusses the exhaust/scrubber system
and its important features, but a detailed description of the scrubber system can be
found in Appendix F. Figure 3.5 shows the exhaust/scrubber system.
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Figure 3.5: Exhaust/scrubber system schematic.

The system in Figure 3.5 had three main objectives. First, it needed to drop
the pressure of the combustion and purge gases. This was accomplished in the surge
tank. Second, it needed to reduce soot and neutralize any acids in the combustion
and purge gases. This occurred in the scrubber section. Third, the gases leaving the
scrubber section needed to be vented to the atmosphere. This was accomplished by
the overflow tank and fan. Figure 3.6 is a panoramic picture of the exhaust/scrubber
system being assembled in test cell 2 of the HPL.
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Figure 3.6: Assembly of the exhaust/scrubber system.
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3.2.3

Temperature Conditioning System
The temperature conditioning unit was located outside of the test cell. This

unit contained the heating and cooling elements, and the controller for setting the
desired temperature was mounted to the front. The conditioned air was circulated, via
return and delivery pipes, through the test cell wall and through the environmental
chamber. Figure 3.7 shows the temperature conditioning unit and the red delivery
and return pipes that ran through the wall.

Figure 3.7: Temperature Conditioning Unit.

3.2.4

Control Center and Programmable Logic Controller Box
The control center, which can be seen in Figure 3.8, was used to control the

pressurization and ignition systems and also housed the data acquisition device. On
the front of the control center there was a three-way ball valve that allowed the user
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to select between test cell 1, test cell 2, and shut. There was a ball valve that, when
opened, pressurized the system up to a pneumatic supply valve that was controlled
by the Programmable Logic Controller (PLC). The system pressure level was set with
a regulator that was located on the front of the control center.

Figure 3.8: HPL control center.

The PLC box housed the PLC and a series of physical switches that allowed
the user to control the HPL’s pneumatically actuated valves which were located inside
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test cell 2. For this test, the pneumatic vent valve, supply valve and scrubber bypass
valve were under PLC control. The PLC program prevented the pneumatic vent
valve and supply valve from being open at the same time. The valves could be
opened simultaneously in order for the operator to completely depressurize the system.
Interlocks on the test cell door would cause the PLC to automatically close the supply
valve and open the vent valve if the door opened. A PLC controlled, pneumatically
actuated valve allowed the operator to bypass the scrubber system and vent to the
exterior of the building. This scrubber bypass valve would also be used by the operator
to quickly depressurize the scrubber if the scrubber system became clogged.

3.2.5

Ignition System
The ignition system had several components and was designed with safety in

mind. To electrify the ignition circuit inside the test cell, a key was inserted into a
switch on the control center and this switch was turned from “safe” to “run”. Next,
the user pressed the “power” button on the control center and then the “arm” button,
which was also on the control center. At this point, the user completed the ignition
process by pushing the “fire” button while depressing a foot pedal. Ignition voltage
was supplied by a 12 volt battery. Pressing the “fire” button also sent a signal to the
data acquisition system to trigger data recording.

3.2.6

Data Acquisition System
The data acquisition system (DAQ) consisted of four main components. These

include the National Instruments (NI) PCI-5122 high speed digitizer, the NI PCI-
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6224 data acquisition device, the electronic device for ultrasonic measurement, and
the LabVIEW data acquisition software [21]. A diagram of the DAQ is shown in
Figure 3.9.

Figure 3.9: Data acquisition system schematic.

3.2.6.1

Electronic Device for Ultrasonic Measurement

The electronic device for ultrasonic measurements (EDUM) manufactured by
the French aerospace research center ONERA exchanged electrical signals with the
Panametrics V102 1.0/1.0 ultrasonic transducer [27]. To produce a waveform, the
EDUM sent a 200V pulse to the ultrasonic transducer for 500ns [21]. The reflected
ultrasonic echo was received by the ultrasonic transducer, converted from ultrasound
to electrical signals, and the high speed digitizer recorded this electrical signal as a
waveform. The EDUM also produced a clocking signal that was used by the data
acquisition software [21].

37

3.2.6.2

High Speed Digitizer

A high speed digitizer was used to record the waveform that was produced by
the EDUM. The high speed digitizer in the HPL was a National Instruments PCI-5122
and it was capable of sampling at 100 MHz and was equipped with 256 megabytes of
on-board acquisition memory [40]. All of the Exquadrazine closed bomb tests were
performed using this 100 MHz sampling rate. Additionally, the digitizer had two
analog input channels each with a resolution of 14 bits.

3.2.6.3

DAQ Device

The device responsible for acquiring the signals from the pressure transducers
is the National Instruments PCI-6224. This device has 80 input channels but only two
are used for this experiment. It is a 16-bit device that is capable of 250 kilosamples
per second [21], and these specifications are adequate for this experiment.

3.2.6.4

LabVIEW

To handle the data collection during a test, National Instruments LabVIEW
software was used on the HPL’s computer. This software acts as a virtual instrument
and makes interfaces that look similar to actual instruments. It is also capable of
recording all of the data that is passed from all of the aforementioned hardware.

3.2.7

Test Operation
When performing a test, the combustion bomb was first assembled with the

prepared propellant sample and a pyrogen igniter installed [29]. The combustion
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bomb was then placed in the environmental chamber at which point the pressure
transducers, the burst disk chimney, the pressure/vent line, and the ultrasonic transducer were attached. Temperature conditioning, if applicable, would take place at
this time. Once temperature conditioning was completed, the pre test was conducted.
The pre test concept is explained in Section 2.2.6. After a satisfactory pre test, the
sample was ready to be burned. The ignition circuit, outlined in Section 3.2.5, was
hooked up to a battery and a safety check was performed. The prepressurization
level in the bomb was set according to the test plan, the data acquisition system was
started, and the sample was ignited. After the test, the bomb was purged to expel
the combustion gases, and since a large amount of heat was produced during he test,
the entire testing apparatus is allowed to cool until it returns to the initial testing
temperature. Once the apparatus has returned to the initial temperature, a post test
is performed in the same manner as the pre test.

3.3

Data Reduction by Cross Correlation

A typical waveform that was produced by the ultrasonic pulse-echo technique
can be seen in Figure 3.10. The surface echo which is tracked is highlighted in red in
the figure.
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Figure 3.10: Typical waveform produced and tracked during data reduction.

The cross correlation theory states that the area under two similar waveforms
will be at a maximum when the two waveforms overlap [41]. To find a number proportional to the common area under two waveforms that are discrete time sequences,
Equation 3.1 is used.

R(ν) =

k−1
X

x(k)y(k − ν)

(3.1)

k=0

This equation finds a number proportional to the common area, i.e., the correlation, R, under two similar waveforms, x(k) and y(k), that are shifted in time by a
certain time delay or lag, ν. The lag can be changed to shift the waveform y(k) [21].
In theory, the lag that corresponds to the maximum correlation will equal the change
in propagation time.
Marshall [21] used a series of plots to help visualize the cross correlation
method. Figure 3.11 through Figure 3.15 show the burning surface echo from the the
1st and the 874th waveform recorded during a combustion bomb test being compared
using the cross correlation method. As mentioned in Section 3.2.6.1, the ultrasonic
echo that is received by the ultrasonic transducer is converted from an ultrasonic to
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an electrical signal, and the high speed digitizer recorded this electrical signal as a
waveform with units of voltage on the y-axis and units of time on the x-axis. The voltage that is recorded is proportional to the amplitude of the ultrasonic signal that is
received by the transducer. As mentioned in Section 3.2.6.2, the high speed digitizer
sampled at 100 MHz, i.e., one sample every 0.00000001 seconds. The propagation
time for the burning surface is found at the zero crossing of the line that lies between
the largest amplitude peaks of the burning surface echo. In Figure 3.13 the burning
surface propagation time appears to be approximately 51 µs, or 5100×10−8 seconds.

Figure 3.11: Cross correlation at 1/5 of the process [21].
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Figure 3.12: Cross correlation at 2/5 of the process [21].

Figure 3.13: Cross correlation at 3/5 of the process [21].
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Figure 3.14: Cross correlation at 4/5 of the process [21].

Figure 3.15: Cross correlation at the end of the process [21].
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As one can see from Figure 3.13, the waveforms are overlapping if the 1st
waveform is shifted -6 µs. By plotting the correlation versus lag, as in Figure 3.16, it
can be seen that the maximum correlation corresponds to a lag of -6 units of shift [21].

Figure 3.16: Correlation versus lag.

3.3.1

Matlab Scripts
The data reduction using cross correlation was performed using Matlab. The

code written by Marshall [21] and the more recent advcrosscorr.m, which is the focus
of this work, are discussed in this section.

3.3.1.1

Conventional Propellant Waveform and Previous Code

Marshall [21] wrote a Matlab code and graphical user interface (GUI) called
ZeroandCross.m which executed both a zero crossing and a cross correlation data
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reduction routine. The zero crossing routine, which is an alternative to the cross
correlation routine, directly detected the zero crossing of the line that lies between
the largest amplitude peaks of the burning surface echo. Running the cross correlation
portion of the GUI was time consuming; the code took between 30 minutes and an
hour to run. Obtaining a smooth trace of propagation time using the cross correlation
portion of the ZeroandCross code necessitated a burning surface echo with a large
amplitude compared to the rest of the signal. Figure 3.17 shows a waveform from a
test with a large amplitude burning surface echo.

Figure 3.17: Waveform with a large amplitude burning surface echo.

However for a conventional solid propellant with a strong burning surface echo,
the cross correlation portion of the ZeroandCross.m GUI would produce propagation
time data that were smooth when plotted against time and this can be seen in Fig-
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ure 3.18. The zero crossing routine produced similar results to the cross correlation,
except for just an instant the zero crossing routine detected the zero crossing of the
interface echo instead of the zero crossing of the burning surface echo.

Figure 3.18: Propagation time output from ZeroandCross.m for a conventional solid
propellant.

After using the ZeroandCross code to obtain the propagation time traces for
the test, post test, and pre test, a MathCAD worksheet accepted these propagation
times, their corresponding pressure-time traces, and the propellant sample initial
thickness and yielded the burning rate with its relation to chamber pressure.

46

3.3.1.2

Exquadrazine Propellant Waveform, Previous Code, and New
Code

A propellant that has a high attenuation of the ultrasonic pulse will tend to
have a small amplitude burning surface echo. Due to this small amplitude echo,
the ZeroandCross code did not consistently correlate the burning surface echo of the
comparison waveform with the burning surface echo of the i th waveform. A waveform
from a test with a small amplitude burning surface echo is shown in Figure 3.19.

Figure 3.19: Waveform with a small amplitude burning surface echo.

For a propellant that has a high attenuation of the ultrasonic pulse, the cross
correlation portion of the ZeroandCross code found propagation times that alternated
back and forth between nominal values and much different values. This is shown in
Figure 3.20.
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Figure 3.20: Propagation time output from ZeroandCross for a highly attenuating
propellant.

The acoustic impedance of the epoxy coupling material and the propellant
must match as closely as possible to minimize the interface echo [27]. The large
amplitude of the interface echo compared to the amplitude of the burning surface
echo in Figure 3.19 indicates a potential acoustic impedance mismatch. Conversely,
the large amplitude of the burning surface echo compared to the amplitude of the
interface echo in Figure 3.17 indicates that the acoustic impedance of the coupling
material closely matches that of the propellant.
In order to address the cross correlation issues illustrated in Figure 3.20 and
Figure 3.19, while also cutting down on computation time and eliminating the need
for the MathCAD worksheet discussed in Section 3.3.1.1, a new Matlab code was
written for cross correlation. This new code, named advcrosscorr.m, was based on
Matlab’s xcorr function from the signal processing toolbox that is computationally
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faster than the cross correlation routine in the ZeroandCross code. A flow chart for
advcrosscorr.m is shown in Figure 3.21.

Figure 3.21: advcrosscorr.m flowchart.

3.3.1.3

Development of advcrosscorr.m

To address the cross correlation issues illustrated in Figure 3.20 and Figure 3.19, the advcrosscorr code was repeatedly modified and evaluated. The individual improvements will be discussed in this section. By observation of Figure 3.19,
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one can see that the amplitude of the burning surface echo is on the order of the random system noise in the signal. The advcrosscorr code was modified to prompt the
user to choose a point on the comparison waveform before the interface echo (green)
and a point after the burning surface echo (black). The comparison waveform is an
average of the first 20 waveforms. The code throws out all waveform data that is not
in between these two points. The code was also modified so that the interface echo of
the comparison waveform was flattened to zero amplitude. These two modifications
are shown in Figure 3.22.
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Figure 3.22: Flattened interface (top) and shortened waveforms (top and bottom)

Next, to force the code to only correlate the burning surface echo of the comparison waveform to the burning surface echo of the i th waveform, the code was
modified to prompt the user to “form” a window around the burning surface echo
of the comparison waveform. This window is shown on the comparison waveform in
Figure 3.23.
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Figure 3.23: The window that is “formed” by user inputs.

This window is also formed on the i th waveform, but a section of the code was
written to move the left edge of the window (red) to the left a number of points that
is equal to the lag for the i th correlation. The window left edge is moved on both the
comparison waveform and on the ith waveform. This is illustrated in Figure 3.24.
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Figure 3.24: Moving left window edge.

As mentioned before, the amplitude of the burning surface echo is on the
order of the signal noise. Providing the code with user inputs that place limits on
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the search in the long signal for the shorter known feature, i.e., the burning surface
echo, the code more consistently correlates the burning surface echo of the comparison
waveform with the burning surface echo of the i th waveform. Figure 3.25 is a plot of
propagation time versus time after applying the improvements presented up to this
point in this section.

Figure 3.25: Propagation time vs. time.

From comparison of Figure 3.25 and Figure 3.20, one can see that there is
some improvement in correlating the burning surface echo of the comparison waveform with the burning surface echo of the i th waveform. However, between 500ms
and 1000ms there are several instances where the cross correlation routine found a
maximum correlation that corresponded to a lag that was radically shorter than the
correlation just proceeding it. Physically this would mean that the propellant sample
got measurably thicker in 1ms, before quickly returning to its nominal thickness. At
approximately 2600ms, the data indicate that the propellant sample got measurably
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thinner in 1ms, and then returned to its nominal thickness. In reality, the burning surface echo of this high attenuation propellant changes shape during the burn,
causing abnormal differences in the lag corresponding to the maximum correlation in
consecutive waveforms. This concept is illustrated in Figure 3.26.

Figure 3.26: Sequential burning surface echoes exhibiting drastically different propagation times.

The vertical brown lines in the figure essentially represent the burning surface.
The waveform on the top is 1ms before the middle waveform, which is 1ms before the
bottom. To address this issue, an algorithm was added to find the difference in lag
for waveforms i -1 and i-2. This difference between these values is proportional to the
length of propellant burned in 1ms. If the difference in lag for waveforms i -1 and i
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was greater than double the difference in lag for waveforms i -1 and i -2, the algorithm
would ignore the initially found maximum correlation, find the next largest positive
correlation and its corresponding lag, and then proceed as usual. For the 958th
waveform in Figure 3.26, a plot of correlation versus lag is shown in Figure 3.27.

Figure 3.27: Correlation vs. lag with marked local maximum values.

When correlating waveform number 958 and the comparison waveform, the
maximum correlation is achieved by shifting the comparison waveform by some lag
value. This is computationally correct, but physically as one can see in Figure 3.26
the lag value corresponding to maximum correlation does not find the burning surface. This is due to the waveform changing shape during the burn. The algorithm
ignores the initially found maximum correlation, finds the “peaks” or local maximums on Figure 3.27, chooses the second largest maximum correlation, and uses
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its corresponding lag to find the burning surface. Having made these changes to
advcrosscorr.m, Figure 3.28 is a plot showing the propagation time versus time.

Figure 3.28: Fixed propagation time vs. time.

Figure 3.29 is a plot showing the propagation time output with the find peaks
algorithm and without the find peaks algorithm to show that the code modifications
removed the outliers without changing the shape of the data.
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Figure 3.29: Data with and without outliers.

The modifications to the code could potentially mean nothing if the advcrosscorr code did not calculate the same answer for a conventional propellant as was
determined by the ZeroandCross code. Figure 3.30 compares the instantaneous thickness versus time for a conventional solid propellant found using the advcrosscorr code
and the ZeroandCross code. One can see that the same answer is found. This gives
credibility to the new code.
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Figure 3.30: Instantaneous thickness calculated by advcrosscorr and ZeroandCross
codes.

The ZeroandCross code finds the propagation time to the burning surface
and then back to the ultrasonic transducer, but the advcrosscorr code finds only
the one-way propagation time to the burning surface. The propagation time trace
from ZeroandCross.m will not be the same as the propagation time trace from advcrosscorr.m for this reason. However, as long as the test, pre test, and post test
propagation times are all found by the same code, whether it be ZeroandCross.m or
advcrosscorr.m, the instantaneous thickness result will be the same, no matter which
code is used. Since Equation 2.4 is a ratio of propagation times, a factor of 2 in the
numerator and denominator does not affect the result.

Ep (τ ) =

Ep0
Ep0
[2τ − 2(ac P + bc )] =
[τ − (ac P + bc )]
2(ap P + bp )
ap P + b p
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(3.2)

3.4

Average Pressure Average Burning Rate Method

In order to perform a cross check the ultrasonic results, the burn time, the
average pressure, and the average burning rate were found for each test. The average
pressure is given by Equation 3.3

"P

N
i=1

P̄ =

Pin ∆t

# n1

tE − tB

(3.3)

where P̄ is the average pressure, N is the total number of pressure measurements, Pi is
the i th pressure measurement, n is the burning rate exponent, ∆t is the time between
pressure measurements, i.e., 0.001 seconds, tE is the time at which maximum pressure
occurs, and tB is the time at which 10 percent of the maximum pressure occurs.
The average burning rate is calculated by Equation 3.4

r̄ =

Ep0
tE − tB

(3.4)

where r̄ is the average burning rate, tE is the time at which maximum pressure occurs,
and tB is the time at which 10 percent of the maximum pressure occurs. Figure 3.31
shows a pressure-time trace and a pressurization rate trace on the same graph, along
with tB and tE for the inside pressure transducer from Test 3-1.
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Figure 3.31: Bomb pressure, pressurization rate, tB , and tE from Test 3-1.

3.5

Uncertainty of Results

Uncertainty analysis has been performed on solid propellant burning rate determination at UAH [36] [37] [38] but most recently on burning rate analysis by cross
correlation in a thesis written by Evans [42]. The uncertainties of the measured
variables in this experiment and from Evans’s thesis are summarized in Table 3.2.

Table 3.2: Summary of variable uncertainties.
Variable
Initial thickness, Ep0
Pressure, {P}
Temperature, {T}
Propagation time, τ

Uncertainty, Evans Uncertainty, Jones
0.022-in.
0.013-in.
7 psi
7 psi
◦
2.2 F
2.2◦ F
0.1-0.5 µs
0.2 µs
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In this experiment, the uncertainty of the sample initial thickness was determined by having three individuals measure a sample ten times each. The standard
deviation of these thirty values was calculated and then multiplied by two in order
to get the uncertainty of the sample initial thickness. This experiment used the
same systems as Evans for pressure and temperature control, so therefore the same
uncertainties apply for these variables.
To find the propagation time uncertainty, cross correlation was performed on a
series of 500 waveforms that were collected from a non burning sample at a constant
pressure. This routine did not use the find peaks algorithm that is illustrated in
Figure 3.27, i.e., only Matlab’s xcorr function was used. The standard deviation of
the result of this process was found and multiplied by two to find the propagation
time uncertainty. Figure 3.32 is the result of this process at 500 psi and Figure 3.33
is the result of this process at 1900 psi.
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Figure 3.32: Matlab’s xcorr function result for non burning sample at 500 psi.
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Figure 3.33: Matlab’s xcorr function for non burning sample at 1900 psi.

By analogy, the relative uncertainty of 4.7 percent found by Evans [42] can be
applied to this work.

64

CHAPTER 4

RESULTS

4.1

Overview of Results

Eleven tests were run and analyzed using digital methods. The test summary
for these tests can be found in Table 4.1. In the first four tests, the samples were
square shaped and approximately 0.56-in. thick. For the last seven tests, the samples
were disk shaped, measuring approximately 1-in. in diameter and were approximately
0.4-in. thick.
The ultrasonic burning rate results from Tests 3-1, 3-5, 3-6, and 3-7 were
analyzed collectively to estimate a burn rate law for these data. Figure 4.1 shows
a plot of ultrasonic burning rates for the four tests plotted with a best fit power
relationship.
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Table 4.1: Test summary.
Test
Sample
PreMax
Burn
Temperature Thickness
Number
ID
pressure Pressure Time
◦
F
in.
psi
psi
sec
3-1
70
0.5415
G1P3
351
865
2.9
3-2
70
0.5190
G1P2
458
985
2.4
3-3
70
0.5300
G1P1
508
1114
2.6
3-4
70
0.5810
G1P4
416
886
2.5
3-5
70
0.4190
G2P2
495
1484
1.7
3-6
70
0.4280
G2P4
489
1500
1.4
3-7
70
0.4190
G2P1
800
2013
1.4
3-8
40
0.4090
G2P3
591
1732
1.3
3-9*
175
0.3750
G2P5
3-10**
175
0.3750
G2P7
3-11
145
0.3620
G2P8
489
1124
3.1
* DAQ did not trigger during test, data not available.
** Propellant did not combust during test, data not available.

Figure 4.1: Burning rate data from Tests 3-1, 3-5, 3-6, and 3-7.

This chapter presents all of the results of the analysis of Test 3-1. The ultrasonic burning rate results from Tests 3-1, 3-5, 3-6, 3-7, and 3-8 are presented in
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Section 4.6. Ultrasonic burning rates at 800 psi from all eleven tests and the best fit
power relationship from Figure 4.1 are summarized in Table 4.2. The detailed results
from the analyses of the other tests can be found in Appendix A.

Table 4.2: Summary table of burning rate* results.
Test
Number

Temperature
◦

3-1
3-2
3-3
3-4
3-5
3-6
3-7
3-8
3-9
3-10
3-11
Curvefit
*at 800 psi

4.2

F
70
70
70
70
70
70
70
40
175
175
145
70

Burning
Rate
in./sec
0.203
0.300
0.201
0.310
0.180
0.231

Pre/Post Test Calibrations

Pre and post test calibrations are used to determine the influence of pressure
on the propagation time through the propellant and coupling material. This pressure
influence is quantified by regression constants that are used in Equation 2.4 when
finding instantaneous thickness. The calibration curves for Test 3-1 can be seen in the
following graphs. The pre test propagation time plots do not show raw propagation
time. The propagation time through the coupling material is subtracted from the total
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propagation time, therefore the plots show propagation time through the propellant
only.

Figure 4.2: Post test calibration curve, inside pressure transducer, Test 3-1.
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Figure 4.3: Post test calibration curve, outside pressure transducer, Test 3-1.
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Figure 4.4: Pre test calibration curve, inside pressure transducer, Test 3-1.
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Figure 4.5: Pre test calibration curve, outside pressure transducer, Test 3-1.

4.2.0.4

Pre Test Techniques

The surface echo generally grew in amplitude if the pressure was increased.
The pre test technique described in Section 2.2.6 involved transmitting ultrasonic
pulses through the sample while dynamically pressurizing the combustion bomb to
1600 psi. For the Exquadrum propellant, the surface echo was not visible above the
system noise in the waveform at atmospheric pressure. Some experimentation in the
methodology was necessary to obtain the propagation time as a function of pressure
from the pre test.
Since it was assumed that the pre test propagation time was a linear function
of pressure, one of the pre test techniques involved pressurizing the bomb and sample
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to a constant positive pressure and transmitting ultrasonic pulses for 0.5 seconds.
This yielded 500 waveforms that could be averaged together and a propagation time
could be found from this one averaged waveform. The pressure was then increased
to another value and this process, collecting another 500 waveforms at a constant
pressure, was repeated. In the end this technique would produce several pressures
and their corresponding propagation times that fell on a line whose slope and yintercept could be used in Equation 2.3 and then Equation 2.4. 500 waveforms were
collected and averaged at five different pressures, and the propagation times through
the coupling material and propellant sample are shown in blue in Figure 4.6. Linear
regression was performed on the 5 propagation times and 5 pressures to yield the
curvefit shown in Figure 4.7.

Figure 4.6: Waveforms used in the static pre test technique.
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Figure 4.7: Curvefit found with the static pre test technique.

As mentioned before, the surface echo generally grew in amplitude if the pressure was increased. This concept was used in two other pre test techniques. The
first technique affected only the pre test analysis, i.e., the execution of the pre test
was unchanged. Ultrasonic pulses were transmitted through the sample while dynamically pressurizing the combustion bomb to 1600 psi. During analysis of the pre
test waveforms, the comparison waveform was created from several waveforms that
were collected while the bomb was at 1600 psi. The cross correlation routine then
worked backwards in time. For example, if waveforms 2500 through 3100 were averaged to make the comparison waveform, then the first correlation would be between
the 2499th waveform and the comparison waveform, then the 2998th and the comparison, and so on. The code would stop after correlating the 1st waveform and the
comparison waveform. Since the pressure was decreasing, the surface echo would generally shrink until it was not visible above the system noise, at which point the cross
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correlation routine would find erroneous propagation times. The user could easily see
this behavior on a plot of propagation time versus time, so the code would prompt
the user to choose a window of good data. The propagation times in this window
of good data would be used with their corresponding pressures to yield the slope
and y-intercept for the linear relationship between pressure and propagation time
through the propellant material. Since this technique did not affect the procedure
for executing the pre test, this was the technique that was used for the analyses in
this work. A pressure-time trace with a window formed around around a constant
pressure portion is shown in Figure 4.8. The cross correlation works backwards in
time, as indicated by the black arrow in Figure 4.8. Figure 4.9 shows the propagation
time versus pressure for this backwards technique, and it can be seen that the code
loses track of the surface echo at low pressures. The backwards pre test technique
does not use the find peaks algorithm that is illustrated in Figure 3.27.

Figure 4.8: Pressure-time trace for the backwards pre test technique.

74

Figure 4.9: Propagation time vs. pressure for the backwards pre test technique.

The second technique affected only the execution of the pre test. The waveform
analysis was unchanged, i.e., a comparison waveform was created from the first 20
waveforms, and cross correlation started with the comparison and the 21st waveform,
followed by the comparison and the 22nd waveform. However during test execution,
the pressure was set at at least 500 psi, and ultrasonic pulses were transmitted through
the sample while dynamically pressurizing the combustion bomb from this point to
at least 1600 psi. A pressure-time trace is shown in Figure 4.10 for a pre test of this
type.
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Figure 4.10: Pressure-time trace for the modified pre test technique.

4.3

Propagation Time

The 1st, 750th, 1500th, 2250th, and 3000th waveforms from Test 3-1 can be
seen in Figure 4.11. One can see that the burning surface echo moves from right
to left as the sample burns. The burning surface echo also grows in amplitude and
changes shape during the burn.

76

Figure 4.11: Waves 1, 750, 1500, 2250, and 3000 from Test 3-1.

The propagation time from Test 3-1 is shown in Figure 4.12. The find peaks
algorithm was invoked 33 times in order to obtain this smooth propagation time trace.
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Figure 4.12: Propagation time from Test 3-1.

Test propagation time along with pre and post propagation times are plotted against pressure in Figure 4.13. The pre test propagation time shown here is
propagation time through the coupling material and the propellant.
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Figure 4.13: All three propagation times from Test 3-1.

4.4

Instantaneous Thickness

Putting the propagation times and calibration constants into Equation 2.4
yields the instantaneous thickness. Figure 4.14 and Figure 4.15 are plots of instantaneous thickness versus time and pressure, respectively.
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Figure 4.14: Instantaneous thickness vs. time from Test 3-1.
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Figure 4.15: Instantaneous thickness vs. pressure from Test 3-1.

4.5

Pressure and Pressurization Rate vs. Time

The graph in Figure 4.16 is the bomb pressure measured by the pressure
transducers versus time.

81

Figure 4.16: Pressure vs. time from Test 3-1.

Figure 4.17 is the pressurization rate that was calculated using a moving window of 151 data points.
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Figure 4.17: Pressurization rate from Test 3-1.

4.6

Burning Rate vs. Pressure and Temperature from Ultrasonics

Figure 4.18 through Figure 4.21 are log-log plots of burning rate versus pressure
from Tests 3-1, 3-5, 3-6, 3-7, and 3-8. Also shown on the plots are the burning rate
curvefits.
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Figure 4.18: Burning rate vs. pressure, inside transducer from Test 3-1.

Figure 4.19: Burning rate vs. pressure, inside transducer from Test 3-5.

84

Figure 4.20: Burning rate vs. pressure, inside transducer from Test 3-6.

Figure 4.21: Burning rate vs. pressure, outside transducer from Test 3-8.
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4.7

Average Pressure Average Burning Rate Results

Table 4.3 includes the burn time, the initial sample thickness, the initial temperature, the average burning rate and the average pressure for each test. The average
pressures were calculated using the burning rate exponent of the best fit power relationship for the collection of ultrasonic results from Figure 4.1.

Table 4.3: Average pressures and average burning rates.
Test
Initial
Burn
Ep0
r̄
P̄
Number Temperature Time
◦
F
sec
in.
in./sec
psi
3-1
70
2.9 0.5415 0.185
635
3-2
70
2.4 0.5190 0.215
749
3-3
70
2.6 0.5300 0.202
844
3-4
70
2.5 0.5810 0.230
675
3-5
70
1.7 0.4190 0.250
1039
3-6
70
1.4 0.4280 0.302
1046
3-7
70
1.4 0.4190 0.303
1468
3-8
40
1.3 0.4090 0.312
1221
3-9*
175
0.3750
3-10**
175
0.3750
3-11
145
3.1 0.3620 0.117
838
* DAQ did not trigger during test, data not available.
** Propellant did not combust during test, data not available.

Figure 4.22 is a plot of the data from Table 4.3. The 40, 70, and 145◦ F points
have different symbols, and the points from the 70◦ F tests are fitted with a best fit
power curve. The equation for this power curve is displayed on the plot.
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Figure 4.22: Average burning rate vs. average pressure, Tests 3-1 through 3-8 plus
Test 3-11.

4.8

Temperature Sensitivity

A first order estimate for σP was performed using the curvefit to the collection
of 70◦ F ultrasonic test results, i.e., the equation that is shown on the plot in Figure 4.1,
and the curvefit from the single cold temperature ultrasonic test, Test 3-8. The
sensitivity was calculated with Equation 2.2; it is Equation 4.1 in this chapter.

σP =

ln r70 − ln rcold
T70 − Tcold

(4.1)

Both values for burn rate are taken at the same pressure value. Thus values for
σP were calculated at multiple pressure conditions. Table 4.4 provides a summary of
the σP values. The range of values falls within expected values for conventional solid
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propellants [3]. Because there was only one test for the cold temperature condition,
these data are a first order estimate.
Table 4.4: First order temperature sensitivity estimate.
Pressure
psi
750
1000
1250
1500
1750

4.9

σP
/ ◦F
0.0090
0.0068
0.0051
0.0037
0.0025

Integrated Results

Figure 4.23 is a plot that includes the ultrasonic burning rate results for Tests
3-1, 3-5, 3-6, 3-7, and 3-8, along with the average burning rate versus average pressure
points for Tests 3-1 through 3-8 plus Test 3-11.

Figure 4.23: Burning rate vs. pressure, ultrasonic 70◦ F curvefit and Test 3-8 ultrasonic curvefit.
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Parallel research at UAH [7] involved static tests of Exquadrazine 6514 in a
hybrid motor configuration to characterize the burning rate. The self-deflagration
burning rate model presented by this parallel research is given by

r = 0.0044P0.585 .

(4.2)

This burning rate model is in agreement with the power curve fit from the
average burning rate and average pressure analysis that is shown in Figure 4.22

r = 0.0057P0.55 .
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(4.3)

CHAPTER 5

DISCUSSION OF RESULTS

Figure 5.1 shows the best fit burning rate law found from ultrasonic measurements, the best fit burning rate law found from average pressure average burning rate
analysis, and the best fit burning rate law found by Mascaro in the motor configuration. The grains used in the motor configuration were center perforated with a web
thickness of approximately 0.4 in and a length of 11.5 in [7].

Figure 5.1: Burning rate vs. pressure, combustion bomb and motor configuration [7].

The differences between the three burning rate equations are small, and could
have been caused by factors such as erosive burning in the combustion port of the mo-
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tor configuration, or ingredient concentration variation between batches. According
to the burning rate law found from ultrasonic measurements, this propellant burns
at 0.231 in/sec at 800 psi. When analyzed with the average pressure average burning
rate method, the burning rate is 0.225 in/sec at 800 psi. According to the analysis
in a motor configuration, the burning rate is 0.220 in/sec at 800 psi [7]. The percent
error between the ultrasonic result and the average pressure average burning rate result is 2.6 percent, which is within the uncertainty listed in Section 3.5. The percent
error between the ultrasonic result and the motor configuration burning rate result is
4.8 percent, which is higher than the uncertainty listed in Section 3.5 by 0.1 percent.
Using Matlab’s xcorr function cuts down on cross correlation computation
time. Additionally, the advcrosscorr code eliminates the need for the MathCAD
program that was used in the past. Also, if a particular solid propellant formulation
will burn at 150 psi or less, and the surface echo is on the order of the waveform noise,
a greater pressure range for burning rate could be achieved by using this code instead
of setting a high prepressurization value. For propellants with a high attenuation
of the ultrasonic signal, these improvements to the Matlab ultrasonic data reduction
code must be used to obtain ultrasonic burning rate data.
Test 3-11 with an initial grain temperature of 145◦ F burned for much longer
than expected and did not reach a pressure that would be expected for this amount
of propellant and this prepressurization level. For conventional solid propellants,
the change in initial temperature does not change the chemical energy released in
combustion; it merely changes the rate of reaction at which energy is released [2].
For a test at an elevated initial temperature, one would expect to observe a shorter
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burn time and a higher maximum pressure than that for a test initially at room
temperature, assuming that the propellant thickness and prepressurization level were
unchanged. It is possible that the composition of the propellant changed during the
hot temperature conditioning process.
According to Cauty [39], to obtain an accurate reading from the ultrasound,
char layers forming on the burning surface must be effectively ejected. This requires
a strong velocity gradient at the surface to help eject char layers as soon as they are
formed. This propellant was fuel rich, so there could have been a significant char
layer on top of the burning surface at all times.
The weak propellant surface echo observed in these tests may be a result of
attenuation of the ultrasonic signal by the propellant sample, but it is also possible
that due to a large acoustic impedance mismatch of the epoxy and the propellant,
most of the ultrasonic signal echoed off of the propellant-epoxy interface. If only
a small portion of the ultrasonic signal traveled through the propellant, the result
would be a weak propellant surface echo. The acoustic impedance of the epoxy
and propellant must match as closely as possible to minimize the propellant-epoxy
interface echo [27]. The wavy burning rate curves for this propellant are peculiar, and
are possibly caused by the weak propellant surface echo. It is possible that the zero
crossing of the line that lies between the largest amplitude peaks of the burning surface
echo does not physically represent the location of the propellant burning surface. The
ultrasonic echoes were consistently weak if the sample was thicker than 0.4-in. or if
the prepressurization level was set at less than 500 psi. Additionally, the tests with
initial temperatures at 40◦ F, 145◦ F, and 175◦ F all had weak burning surface echoes.
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CHAPTER 6

CONCLUSIONS

The goal of this work was to develop a digital method to analyze the data
that were collected when performing ultrasonic combustion bomb measurements of
Exquadrazine 6514 to characterize the self-deflagration burning rate, and verify that
the digital method worked properly. Testing was intended to determine the relationship between pressure and initial grain temperature and burning rate. With
the Moving Window and the Find Peaks algorithms intelligently limiting the search
for the low amplitude surface echo in the ultrasonic return, the advcrosscorr code
was able to obtain propagation time data for this high attenuation propellant when
the previous code could not. Additionally, using Matlab’s xcorr function for cross
correlation decreased the computation time for this analysis when compared to the
computation time of the previous code. The advcrosscorr code also eliminated the
need for any additional software, e.g., MathCAD, to complete the burn rate data
analysis.
For a conventional solid propellant combustion bomb test, the advcrosscorr
code found the same result as the previous ZeroandCross code for instantaneous
thickness, offering credibility to the advcrosscorr code. Analysis of the combustion

93

bomb pressure-time data along with propellant sample initial thickness allowed for
independent determination of the average burning rate and average pressure for each
test and and also a best fit power relationship for this average pressure average burning
rate technique. A best fit power relationship for the ultrasonic burning rate results
from several tests yielded a reasonable burning rate law that at 800 psi, gave a burning
rate that was within 3 percent of the burning rate result at 800 psi from the average
pressure, average burning rate analysis. The ultrasonic burning rate law also yields
an 800 psi burning rate that is within 5 percent the burning rate at 800 psi found in
a motor configuration during parallel research [7].
Large burning rate excursions were present in the ultrasonic burning rate results of Exquadrazine 6514 that may have been the result of a weak burning surface
echo. These excursions in burning rate were not observed when ultrasonic combustion
bomb tests were performed on conventional solid propellants. Small fluctuations were
present in the propagation time through a non burning Exquadrazine 6514 sample at
constant pressure, indicating that this trend in the data may be the result of an interaction between the noise in the ultrasonic system and the weak propellant surface
echo.
In conclusion, the self-deflagration burning rate of this mixed hybrid propellant
is affected by chamber pressure and initial grain temperature. The self-deflagration
burning rate increases with increasing pressure, but the relationship to initial temperature is not yet understood.
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APPENDICES
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APPENDIX A

RESULTS

Table A.1 is a guide for Appendix A that lists all of the possible results, with
those present checked off with an X. If results are missing from a test, an explanation
is given in the individual section of this appendix for that test.

Table A.1: Results presented/omitted for each test.
τ (P ),
Test
τ (t) τpre (P ), Ep (t)
Number
τpost (P )
3-2
3-3
3-4
3-5
X
X
X
3-6
X
X
X
3-7
X
X
X
3-8
X
X
X
3-9
3-10
3-11

A.1

Ep (P )

P (t)

dP (t)/dt

r(P )

X
X
X
X

X
X
X
X
X
X
X

X
X
X
X
X
X
X

X
X
X
X

X

X

Test 3-2

Just before Test 3-2, one of the parameters in the LabVIEW code was adjusted
incorrectly and as a result, the surface echo was not recorded during the pre test or
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Table A.2: Test 3-2 infomation.
Test Number Test Date
3-2
11/17/2014

Bomb Configuration
whole

Ep0
0.5190

during the majority of the test. Figure A.1 and Figure A.2 are plots of pressure versus
time and pressurization rate versus time, respectively.

Figure A.1: Test 3-2 pressure vs. time.
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Figure A.2: Test 3-2 pressurization rate vs. time.

A.2

Test 3-3

Table A.3: Test 3-3 infomation.
Test Number Test Date
3-3
11/19/2014

Bomb Configuration
whole

Ep0
0.5300

During Test 3-3, a connection on the ultrasonic transducer became loose as
the propellant was ignited, resulting in no waveform data collected during that test.
Figure A.3 and Figure A.4 are plots of pressure versus time and pressurization rate
versus time, respectively.
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Figure A.3: Test 3-3 pressure vs. time, Inside Transducer.

Figure A.4: Test 3-3 pressurization rate vs. time, Inside Transducer.

A.3

Test 3-4

Table A.4: Test 3-4 infomation.
Test Number Test Date
3-4
11/19/2014

Bomb Configuration
whole
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Ep0
0.5810

The data reduction technique failed to reduce the Test 3-4 waveforms. This
was possibly due to the sample thickness of 0.5810 in. or a prepressurization level of
420 psi. Figure A.5 and Figure A.6 are plots of pressure versus time and pressurization
rate versus time, respectively.

Figure A.5: Test 3-4 pressure vs. time.

Figure A.6: Test 3-4 pressurization rate vs. time.
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A.4

Test 3-5

Table A.5: Test 3-5 infomation.
Test Number Test Date
3-5
12/12/2014

Bomb Configuration
short

Ep0
0.4190

Figure A.7: Propagation time from Test 3-5.
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Figure A.8: All three propagation times from Test 3-5.

Figure A.9: Instantaneous thickness vs. time from Test 3-5.

102

Figure A.10: Instantaneous thickness vs. pressure from Test 3-5.

Figure A.11: Pressure vs. time from Test 3-5.
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Figure A.12: Pressurization rate from Test 3-5.

Figure A.13: Burning rate vs. pressure, outside transducer from Test 3-5.
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Table A.6: Test 3-6 infomation.
Test Number
3-6
A.5

Test Date
1/9/2015

Bomb Configuration
Ep0
short
0.4280

Test 3-6

Figure A.14: Propagation time from Test 3-6.
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Figure A.15: All three propagation times from Test 3-6.

Figure A.16: Instantaneous thickness vs. time from Test 3-6.
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Figure A.17: Instantaneous thickness vs. pressure from Test 3-6.

Figure A.18: Pressure vs. time from Test 3-6.
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Figure A.19: Pressurization rate from Test 3-6.

Figure A.20: Burning rate vs. pressure, outside transducer from Test 3-6.
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Table A.7: Test 3-7 infomation.
Test Number
3-7
A.6

Test Date
2/3/2015

Bomb Configuration
Ep0
short
0.4190

Test 3-7

Figure A.21: Propagation time from Test 3-7.
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Figure A.22: All three propagation times from Test 3-7.

Figure A.23: Instantaneous thickness vs. time from Test 3-7.
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Figure A.24: Instantaneous thickness vs. pressure from Test 3-7.

Figure A.25: Pressure vs. time from Test 3-7.
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Figure A.26: Pressurization rate from Test 3-7.

Figure A.27: Burning rate vs. pressure, outside transducer from Test 3-7.
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Table A.8: Test 3-8 infomation.
Test Number
3-8
A.7

Test Date
2/5/2015

Bomb Configuration
Ep0
short
0.4090

Test 3-8

Figure A.28: Propagation time from Test 3-8.
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Figure A.29: All three propagation times from Test 3-8.

Figure A.30: Instantaneous thickness vs. time from Test 3-8.
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Figure A.31: Instantaneous thickness vs. pressure from Test 3-8.

Figure A.32: Pressure vs. time from Test 3-8.
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Figure A.33: Pressurization rate from Test 3-8.

A.8

Test 3-9

Table A.9: Test 3-9 infomation.
Test Number Test Date Bomb Configuration
3-9
2/11/2015
short

Ep0
0.3750

When the “FIRE” button was pressed during Test 3-9, the sample was ignited
but the data acquisition system was not triggered. No data was recorded for this test.
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Table A.10: Test 3-10 infomation.
Test Number Test Date
3-10
2/17/2015
A.9

Bomb Configuration
short

Ep0
0.3750

Test 3-10

When the “FIRE” button was pressed during Test 3-10, the data acquisition
system was triggered but the sample did not ignite. No data was recorded for this
test.

A.10

Test 3-11

Table A.11: Test 3-11 infomation.
Test Number
3-11

Test Date
3/2/2015

Bomb Configuration
short

Ep0
0.3620

The data reduction technique failed to reduce the Test 3-11 waveforms. Figure A.34 and Figure A.35 are plots of pressure versus time and pressurization rate
versus time, respectively.
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Figure A.34: Test 3-11 pressure vs. time.

Figure A.35: Test 3-11 pressurization rate vs. time.
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APPENDIX B

PRE/POST TEST CALIBRATIONS

Before and after a test is performed, pre and post test calibrations are performed with the propellant/coupling material as a pair and with the coupling material
alone, respectively, to find the relationship between propagation time and pressure.
The resulting pre and post test calibration curves can be seen in the graphs in the
following sections.
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B.1

Test 3-5

Figure B.1: Test 3-5 post test calibration curve, inside pressure transducer.

Figure B.2: Test 3-5 post test calibration curve, outside pressure transducer.
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Figure B.3: Test 3-5 pre test calibration curve, inside pressure transducer.

Figure B.4: Test 3-5 pre test calibration curve, outside pressure transducer.
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B.2

Test 3-6

Figure B.5: Test 3-6 post test calibration curve, inside pressure transducer.

Figure B.6: Test 3-6 post test calibration curve, outside pressure transducer.
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Figure B.7: Test 3-6 pre test calibration curve, inside pressure transducer.

Figure B.8: Test 3-6 pre test calibration curve, outside pressure transducer.
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B.3

Test 3-7

Figure B.9: Test 3-7 post test calibration curve, inside pressure transducer.

Figure B.10: Test 3-7 post test calibration curve, outside pressure transducer.
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Figure B.11: Test 3-7 pre test calibration curve, inside pressure transducer.

Figure B.12: Test 3-7 pre test calibration curve, outside pressure transducer.
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B.4

Test 3-8

Figure B.13: Test 3-8 post test calibration curve, inside pressure transducer.
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Figure B.14: Test 3-8 post test calibration curve, outside pressure transducer.

Figure B.15: Test 3-8 pre test calibration curve, inside pressure transducer.
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Figure B.16: Test 3-8 pre test calibration curve, outside pressure transducer.
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APPENDIX C

PRESSURE TRANSDUCER CALIBRATIONS

Table C.1: Pressure transducer calibrations.
Test Number min
3-1
909.242
3-2
907.8288
3-3
907.8288
3-4
907.8288
3-5
906.2671
3-6
905.12
3-7
904.3436
3-8
904.3436
3-9
904.3436
3-10
904.3436
3-11
904.3436

bin
-76.334
-74.387
-74.387
-74.387
-71.5232
-73.43
-71.4042
-71.4042
-71.4042
-71.4042
-71.4042
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mout
896.210
895.9983
895.9983
895.9983
896.5825
892.55
1000.7
1000.7
1000.7
1000.7
1000.7

bout
106.063
101.8425
101.8425
101.8425
114.3879
98.19
-103.415
-103.415
-103.415
-103.415
-103.415

APPENDIX D

ADVCROSSCORR.M

% Daniel Jones
% UAH Propulsion Research Center
% advcrosscorr.m
Ep0 = 0.4090; % propellant sample thickness [inches]
P1m = 904.3436; % inside pressure transducer slope
P1b = -71.4042; % inside pressure transducer y-int
P2m = 1000.7; % outside pressure transducer slope
P2b = -103.415; % outside pressure transducer y-int
%% Test Data
% import Test scope data
[limit,~] = size(Test_Scope);
% create initial waveform by taking
% the average of the first 20 waveforms
initial = Test_Scope(1:20,:); %first 20 rows, every column
initial = mean(initial, 1); %takes the mean along the row direction
plot(initial)
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title(’initial prop time, choose right then left’)
% find initial propagation time, choosing right then left points
[mask,~] = ginput(1);
edgeR = round(mask);
[mask,~] = ginput(1);
edgeL1 = round(mask-1);
tau0 = edgeR-edgeL1;
% pick points to reduce data, first right then left
plot(initial)
title(’choose one point after burning surface,’ ...
’one point before burning surface, one after interface’...
’and one before interface’)
[mask,~] = ginput(1);
edgeR = round(mask);
[mask,~] = ginput(1);
edgeL = round(mask-1);
[mask,~] = ginput(1);
edgeF = round(mask);
[mask,~] = ginput(1);
edgeI = round(mask-1);
initial(edgeI:edgeF) = 0;
tau = zeros(1,limit-1);
A = 0;
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A0 = 0;
for n=2:limit
C = edgeL - A;
if C < edgeI;
C = edgeI;
end
s1 = initial(C:edgeR);
s2 = Test_Scope(n,C:edgeR);
[acor,lag] = xcorr(s2,s1);
[~,I] = max(acor);
lagDiff = lag(I);
A0 = A;
A = abs(lagDiff);
if abs(A-A0)>50
[~,locs] = findpeaks(acor,’SortStr’,’descend’);
lagDiff = lag(locs(2));
A = abs(lagDiff);
if abs(A-A0)>50
lagDiff = lag(I);
A = abs(lagDiff);
end
end
tau(n-1) = tau0-abs(lagDiff);
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end
% import pressure data from test
P1test = Test_Press(2:limit,2)*P1m+P1b;
P2test = Test_Press(2:limit,3)*P2m+P2b;
%% post test (coupling material) data
% import PostTest scope data
[limitPost,~] = size(Post_Scope);
% create initial waveform by taking
% the average of the first 20 waveforms
initialPost = Post_Scope(1:20,:); %first 20 rows, every column
%takes the mean along the row direction
initialPost = mean(initialPost, 1);
plot(initialPost)
title(’initial prop time, choose right then left’)
% find initial propagation time, choosing right then left points
[mask,~] = ginput(1);
edgeR = round(mask);
[mask,~] = ginput(1);
edgeL = round(mask-1);
tau0Post = edgeR-edgeL;
% pick points to reduce data, first right then left
plot(initialPost)
title(’choose one point after burning surface,’...
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’and one before burning surface’)
[mask,~] = ginput(1);
edgeR = round(mask);
[mask,~] = ginput(1);
edgeL = round(mask-1);
chopPost = Post_Scope(1:limitPost,edgeL:edgeR);
initialPost = initialPost(edgeL:edgeR);
tauPost = zeros(1,limitPost-1);
s1 = initialPost;
for n=2:limitPost
s2 = chopPost(n,:);
[acor,lag] = xcorr(s2,s1);
[~,I] = max(acor);
lagDiff = lag(I);
tauPost(n-1) = tau0Post-abs(lagDiff);
end
% import PostTest pressure data
P1post = Post_Press(:,2)*P1m+P1b;
P2post = Post_Press(:,3)*P2m+P2b;
plot(tauPost)
title(’choose a linear part of the’...
’propagation curve, right then left’)
[mask,~] = ginput(1);
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edgeR = round(mask);
[mask,~] = ginput(1);
edgeL = round(mask-1);
P1post = P1post(edgeL+1:edgeR+1);
P2post = P2post(edgeL+1:edgeR+1);
tauPostchop = tauPost(edgeL:edgeR)’;
cPost = polyfit(P1post, tauPostchop, 1);
mPost1 = cPost(1);
bPost1 = cPost(2);
cPost = polyfit(P2post, tauPostchop, 1);
mPost2 = cPost(1);
bPost2 = cPost(2);
% you should now have m,b (or a,b) for the coupling material
%% pretest (propellant) data
% import pretest scope data
[limitPre,~] = size(Pre_Scope);
% import PreTest pressure data
P1pre = Pre_Press(:,2)*P1m+P1b;
P2pre = Pre_Press(:,3)*P2m+P2b;
plot(P1pre);hold on;plot(P2pre,’r’);hold off
% choose a flat part and input in command window, right then left
R = input(’Right edge of flat? ’);
L = input(’Left edge of flat? ’);
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% create initial waveform by taking the average of the slected flat
initialPre = Pre_Scope(L:R,:);
%takes the mean along the row direction
initialPre = mean(initialPre, 1);
plot(initialPre)
title(’initial prop time, choose right then left’)
% find initial propagation time, choosing right then left points
[mask,~] = ginput(1);
edgeR = round(mask);
[mask,~] = ginput(1);
edgeL = round(mask-1);
tau0Pre = edgeR-edgeL;
% pick points to reduce data, first right then left
plot(initialPre)
title(’choose one point after burning surface,’...
’and one before burning surface’)
[mask,~] = ginput(1);
edgeR = round(mask);
[mask,~] = ginput(1);
edgeL = round(mask-1);
chopPre = Pre_Scope(1:limitPre,edgeL:edgeR);
initialPre = initialPre(edgeL:edgeR);
tauPre = zeros(1,L-1);
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s1 = initialPre;
for n=L-1:-1:1
s2 = chopPre(n,:);
[acor,lag] = xcorr(s2,s1);
[~,I] = max(acor);
lagDiff = lag(I);
tauPre(n) = tau0Pre+abs(lagDiff);
end
% Subtract the propagation time in the epoxy
tauPre1 = zeros(1,L-1);
tauPre2 = zeros(1,L-1);
for n=1:L-1
tauPre1(n) = tauPre(n) - (mPost1*P1pre(n+1)+bPost1);
tauPre2(n) = tauPre(n) - (mPost2*P2pre(n+1)+bPost2);
end
plot(tauPre1)
title(’choose a linear part of the’...
’propagation curve, right then left’)
[mask,~] = ginput(1);
edgeR = round(mask);
[mask,~] = ginput(1);
edgeL = round(mask-1);
P1pre = P1pre(edgeL+1:edgeR+1);
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tauPrechop1 = tauPre1(edgeL:edgeR)’;
cPre = polyfit(P1pre, tauPrechop1, 1);
mPre1 = cPre(1);
bPre1 = cPre(2);
plot(tauPre2)
title(’choose a linear part of the’...
’propagation curve, right then left’)
[mask,~] = ginput(1);
edgeR = round(mask);
[mask,~] = ginput(1);
edgeL = round(mask-1);
P2pre = P2pre(edgeL+1:edgeR+1);
tauPrechop2 = tauPre2(edgeL:edgeR)’;
cPre = polyfit(P2pre, tauPrechop2, 1);
mPre2 = cPre(1);
bPre2 = cPre(2);
% you should now have m,b (or a,b) for the propellant
%% Instantaneous thickness
% thickness equation

Ep1 = zeros(limit-1,1);
Ep2 = zeros(limit-1,1);
for i=1:limit-1
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Ep1(i) = Ep0 * (tau(i) - (mPost1 * P1test(i) + bPost1))...
/(mPre1 * P1test(i) + bPre1);
Ep2(i) = Ep0 * (tau(i) - (mPost2 * P2test(i) + bPost2))...
/(mPre2 * P2test(i) + bPre2);
end
EP1=Ep1;
EP2=Ep2;

N = 151;
M = (N-1)/2;
time = (1:N)/1000;

plot(Ep1)
[mask,~] = ginput(1);
edgeR = round(mask);
[mask,~] = ginput(1);
edgeL = round(mask-1);
Ep1 = Ep1(edgeL:edgeR)’;
r1 = zeros(1,size(Ep1,2)-N+1);
P1sub = zeros(1,size(Ep1,2)-N+1);

for i = M + 1 : size(Ep1,2)-M
sub = Ep1(i-M:i+M);
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P = polyfit(time,sub,1);
r1(i-M) = -P(1);
P1sub(i-M) = mean(P1test(i-M+edgeL:i+M+edgeL));
end

plot(Ep2)
[mask,~] = ginput(1);
edgeR = round(mask);
[mask,~] = ginput(1);
edgeL = round(mask-1);
Ep2 = Ep2(edgeL:edgeR)’;
r2 = zeros(1,size(Ep2,2)-N+1);
P2sub = zeros(1,size(Ep2,2)-N+1);

for i = M + 1 : size(Ep2,2)-M
sub = Ep2(i-M:i+M);
P = polyfit(time,sub,1);
r2(i-M) = -P(1);
P2sub(i-M) = mean(P2test(i-M+edgeL:i+M+edgeL));
end

n_la1 = polyfit(log(P1sub),log(r1),1);
n1 = n_la1(1);
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a1 = exp(n_la1(2));
n_la2 = polyfit(log(P2sub),log(r2),1);
n2 = n_la2(1);
a2 = exp(n_la2(2));
%% megaplot
subplot(441);
plot(tau)
title(’test tau vs time’)
subplot(442);
plot(P1test);
hold on;
plot(P2test,’r’);
hold off
title(’test pressure vs time’)
legend(’inside’,’outside’,’Location’,’SouthWest’)
subplot(443);
plot(P1test,tau);
hold on;
plot(P2test,tau,’r’);
hold off
title(’test tau vs pressure’)
legend(’inside’,’outside’,’Location’,’SouthWest’)
subplot(445);
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plot(tauPost)
title(’post test tau vs time’)
subplot(446);
plot(Post_Press(:,2)*P1m+P1b);
hold on;
plot(Post_Press(:,3)*P2m+P2b,’r’);
hold off
title(’post test pressure vs time’)
legend(’inside’,’outside’)
subplot(447);
plot(Post_Press(2:limitPost,2)*P1m+P1b,tauPost);
hold on;
plot(Post_Press(2:limitPost,2)*P1m+P1b,mPost1*...
(Post_Press(2:limitPost,2)*P1m+P1b)+bPost1,’r’);
hold off
title(’post test tau vs pressure 1’)
legend(’data’,’curvefit’,’Location’,’SouthWest’)
subplot(448);
plot(Post_Press(2:limitPost,3)*P2m+P2b,tauPost);
hold on;
plot(Post_Press(2:limitPost,3)*P2m+P2b,mPost2*...
(Post_Press(2:limitPost,3)*P2m+P2b)+bPost2,’r’);
hold off
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title(’post test tau vs pressure 2’)
legend(’data’,’curvefit’,’Location’,’SouthWest’)
subplot(449);
plot(tauPre1,’.’);hold on;
plot(tauPre2,’r.’);hold off
title(’pre test tau vs time’)
legend(’1’,’2’)
subplot(4,4,10);
P1pre = Pre_Press(1:L-1,2)*P1m+P1b;
P2pre = Pre_Press(1:L-1,3)*P2m+P2b;
plot(P1pre);hold on;plot(P2pre,’r’);hold off
title(’pre test pressure vs time’)
legend(’inside’,’outside’,’Location’,’SouthEast’)
subplot(4,4,11);
plot(P1pre,tauPre1);hold on;
plot(P1pre,mPre1*P1pre+bPre1,’r’);
hold off
title(’pre test tau vs pressure 1’)
legend(’data’,’curvefit’)
subplot(4,4,12);
plot(P2pre,tauPre2);hold on;
plot(P2pre,mPre2*P2pre+bPre2,’r’);
hold off
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title(’pre test tau vs pressure 2’)
legend(’data’,’curvefit’)
subplot(4,4,13);
plot(EP1);hold on;plot(EP2,’r’);hold off
title(’instantaneous thickness vs time’)
legend(’1’,’2’)
subplot(4,4,14);
plot(P1test,EP1);hold on;
plot(P2test,EP2,’r’);hold off
title(’instantaneous thickness vs pressure’)
legend(’1’,’2’,’Location’,’SouthWest’)
subplot(4,4,15);
plot(P1sub,r1,’b’,P1sub,a1*P1sub.^n1,’r’)
title(’burn rate vs pressure 1’)
legend(’data’,’curvefit’,’Location’,’NorthWest’)
subplot(4,4,16);
plot(P2sub,r2,’b’,P2sub,a2*P2sub.^n2,’r’)
title(’burn rate vs pressure 2’)
legend(’data’,’curvefit’,’Location’,’NorthWest’)
subplot(444);
plot(P1test,tau);hold on;plot(P1pre,tauPre,’r’);
plot(Post_Press(2:limitPost,3)*P2m+P2b,tauPost,’k’);
hold off;
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title(’pre, test and post tau versus pressure’)
legend(’test’,’pre’,’post’,’Location’,’West’)
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APPENDIX E

PRESSURIZATION SYSTEM

Figure E.1: Pressurization system overview.
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Figure E.2: Pressurization system components.

APPENDIX F

EXHAUST/SCRUBBER SYSTEM

This appendix discusses construction of the combustion bomb scrubber system
for the High Pressure Laboratory. The new Exquadrum propellants are especially
sooty and provide new challenges.

Figure F.1: Exhaust/scrubber system schematic.
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The ventilation system has three main objectives. First, it must drop the
pressure of the combustion and purge gases. This is accomplished in the surge tank.
Second, it must reduce soot and neutralize hydrochloric acid. This happens in the
scrubber section. Third, the gases leaving the scrubber section must vent to the
atmosphere. This is accomplished with the overflow tank and fan. The following
content of this document describes all of the subsections of the system and discusses
safety considerations.

Figure F.2: Existing portion of the ventilation system.

Figure F.2 describes an existing portion of the ventilation system. This section
includes 1/4 in. OD stainless steel tubing with a wall thickness of 0.049 in. and a 1/4
in. pneumatic valve. The working pressure rating for this tubing is 7500 psi. The
outlet of the pneumatic valve has a stainless steel fitting to convert from 1/4 in. OD
to 1/2 in. OD tubing.
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Figure F.3: Scrubber subsection 1.

The subsection of the system in Figure F.3 consists of all new parts, i.e.,
none of these parts are part of the existing ventilation system. The tubing is 1/2
in. OD stainless with a wall thickness of 0.065 in. The working pressure rating for
this tubing is 5100 psi. At the start of this subsection, there is a 1/2 in. cross
with an analog gauge and an adjustable relief valve. The gauge has a 6 in. face, a
range of 0-400 psi and can be seen clearly through the window when an operator is
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standing outside of the test cell. The maximum pressure rating for this gauge is 800
psi. To eliminate the gauge as a failure point in the event of a clog in the system,
the adjustable relief valve is set to discharge remotely at 80 psi. Downstream of the
cross, there is a 1/2 in. tee with a 1/2 in. pneumatic valve that, when opened,
vents the entire system downstream of the 1/4 in. pneumatic valve in Figure F.2.
This 1/2 in. pneumatic valve, i.e., the scrubber bypass valve, is actuated to open
by an operator in the event that the ventilation system pressure exceeds the value
listed in the standard operating procedure. When the scrubber bypass valve opens,
the system vents through an exhaust line to the tunnel outside of the test cell. The
exhaust line tubing is 1/2 in. OD stainless with a wall thickness of 0.065 in. and a
working pressure rating of 5100 psi.
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Figure F.4: Scrubber subsection 2.

Figure F.4 depicts the surge tank subsection of the system. The 1/2 in. stainless tubing in Figure F.3 connects to a 6 in. PVC plug via a stainless 1/2 in. bulkhead
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connector. This plug fits into the 6 in. PVC T-fitting at the bottom of Figure F.4.
This T-fitting also has a 4 in. NPT plug that fits into a 4 in. NPT x 6 in. socket
bushing that serves as an inspection port for the surge tank. The main section of the
surge tank consists of a 6 in. ID x 10 ft. PVC pipe. In the middle of the surge tank,
there is a 6 in. x 2 in. PVC reducing T-fitting with a 2 in. PVC plug. The 2 in. plug
has a 1/2 in. stainless bulkhead connector. This bulkhead connector leads to a 1/2
in. cross with an analog gauge, an adjustable relief valve and a 100 psi burst disk.
The gauge has a 6 in. face, a range of 0-400 psi and can be seen clearly through the
window when an operator is standing outside of the test cell. The maximum pressure
rating for this gauge is 800 psi. To eliminate the gauge as a failure point in the event
of a clog in the system, the adjustable relief valve is set to discharge remotely at 80
psi. The 100 psi burst disk serves as a backup to the relief valve and it also discharges
remotely. At the top of the surge tank there is another 6 in. x 2 in. PVC reducing
T-fitting with a 6 in. PVC plug and it connects to the 2 in. trap in Figure F.5.
The volume of the combustion bomb is approximately 27.9 in.3 and the maximum pressure of a combustion bomb test is 5000 psi. The designers chose 60 psi to be
the desired surge tank pressure. Using these values, the surge tank needs to enclose
a volume of at least 2325 in.3 . A pipe with a 6 in. ID and a length of 10 ft. (120
in.) encloses a volume of approximately 3393 in.3 . Using the same parameters from
before (5000 psi bomb pressure, 27.9 in.3 bomb volume) and a surge tank volume of
3393 in.3 , the surge tank pressure will be approximately 41 psi. McMaster Carr lists
a maximum pressure of 180 psi at 73◦ F for a 6 in. ID PVC pipe, resulting in a 4.4
factor of safety for the surge tank.
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Figure F.5: Scrubber subsection 3.
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The trap is made from 2 in. ID PVC and it keeps liquid from coming backwards
into the surge tank and the combustion bomb. The trap connects to a 4 in. PVC
cross via a 4 in. x 2 in. PVC bushing. A 4 in. cross is used instead of a 6 in. cross
because a 6 in. cross is much more expensive than a 4 in. cross. The 4 in. cross is
also connected to a 4 in. x 6 in. PVC coupling, a 1 in. ball valve and a 3 in. NPT
plug that fits into a 4 in. NPT x 3 in. socket bushing that serves as an inspection
port and soot trap for the scrubber. The 1 in. ball valve is used for draining and
filling the scrubber and is connected to the 4 in. cross via two reducing bushings. As
can be seen in Figure F.5, the valve is located at the 9 oclock position so that soot
does not settle in it. The scrubber body is made from a 6 in. ID x 10 ft. long PVC
pipe and a 6 in. PVC wye fitting. The overflow tank already exists and is in place
as is the fan that vents the overflow tank. The scrubber is connected to the overflow
tank via 1 in. ID clear flexible tubing. In the event that liquid gets into the overflow
tank from the scrubber, the piece of clear flexible tubing connected to the bottom of
the overflow tank will drain the liquid back to the scrubber through the 6 in. wye
fitting. The clear flexible tubing is connected both to the wye and the top of the
scrubber via two reducing bushings, a 1 in. barbed PVC pipe fitting and a stainless
steel worm-drive hose clamp. The clear flexible tubing is connected to the top and
bottom of the overflow tank with an existing barbed fitting and a hose clamp.
The PVC parts are connected using purple primer and heavy duty clear pipe
cement. The PVC and stainless steel sections of the scrubber system, with the exception of the overflow tank, are fastened to the test cell interior wall with unistrut
clamps.
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APPENDIX G

LIST OF COMPUTER PROGRAMS USED

This is a list of the computer programs used for data reduction.
ImportData.m-Matlab program used for importing and renaming the pre,
test, and post test waveform files and their associated pressure-time traces to the
Matlab workspace.
advcrosscorr.m-Matlab program used for finding the propagation time trace,
propellant and coupling material regression constants, the instantaneous thickness,
and the burning rate using cross correlation.
makemovie.m-Matlab program that iteratively displays the propagation time
on top of its corresponding waveform, then saves this figure as a .jpg to be made into
a movie in Windows Movie Maker.
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APPENDIX H

TEST DATA FILENAMES AND LOCATIONS

\jones_thesis_files
\3_1
posttest31
posttest31_Scope.dat
pretest31
pretest31_Scope.dat
test31
test31_Scope.dat
\3_2
test32
\3_3
test33
\3_4
posttest34
posttest34_Scope.dat
pretest34
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pretest34_Scope.dat
test34
test34_Scope.dat
\3_5
posttest35
posttest35_Scope.dat
pretest35
pretest35_Scope.dat
test35
test35_Scope.dat
\3_6
posttest36
posttest36_Scope.dat
pretest36
pretest36_Scope.dat
test36
test36_Scope.dat
\3_7
posttest37
posttest37_Scope.dat
pretest37
pretest37_Scope.dat
test37
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test37_Scope.dat
\3_8
posttest38
posttest38_Scope.dat
pretest38
pretest38_Scope.dat
test38
test38_Scope.dat
\3_11
test311
\programs
ImportData.m
makemovie.m
advcrosscorr.m
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